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Ansrn.q.cr

The (Mg,Fe)SiO, phase of ilmenite structure type may be a constituent of the Earth's
mantle, occurring at the base of the transition zone or the top of the lower mantle; there-
fore, a knowledge ofits elastic and energetic properties is essential ifwe are to understand
phenomena such as mantle rheology and the cause of seismic discontinuities. However,
considerable experimental problems are involved in the study of this phase, and, hence,
atomistic computer-simulation techniques offer an alternative approach. In our atomistic
computer simulations, pair-wise additive interatomic potentials and O-Si-O bond bending
terms are defined to model the net forces acting between atoms in the structure. Parameters
for the short-range potential terms were transferred from empirical potentials originally
derived to simulate periclase and quartz. The predicted structural and elastic properties
of ilmenite-type MgSiO, are in good agreement with those observed. We were also able
to predict the normal-mode vibrational frequencies and their associated atomic motions:
the simulated Raman active bands correspond well with those observed. Bulk thermo-
dynamic properties were calculated from the vibrational frequencies. Both the predicted
heat capacity between 350 and 510 K and the entropy at 300 K of 56.13 J'mol-' 'K-'
compare well with the measured values, but the average Grtineisen parameter of 0.9 and
the volume coefficient of thermal expansion at 300 K of I x l0 t K I are lower than
expected, possibly because ofan error in the third derivative ofthe Si-O potential function.

INrnoouctlolq

The ilmenite-type (Mg,Fe)SiO, phase may be an im-
portant constituent of the lower transition zone and/or
the top of the lower mantle of the Earth (Weidner and
Ito, 1985). In phase-equilibria experiments it has been
found to be stable in the region of 24 to 27 GPa and I 100
to 1400 "C (Ito and Yamada,1982). A knowledge of the
structural, thermodynamic, and lattice-dynamical prop-
erties of ilmenite-type (Mg,Fe)SiO. will, therefore, con-
tribute greatly toward our understanding ofboth the na-
ture of the mantle and mantle rheology. For example, it
is not yet clear whether the phase transition of ilmenite-
type to perovskite-type (Mg,Fe)SiO. has a positive or
negative Clapeyron slope (Ito and Yamada, 1982; Wa-
tanabe, 1982; Williams et al., 1987). It is also unclear if
phase transitions between spinel-type MgrSiOo and such
high-pressure phases as ilmenite-type and perovskite-type
MgSiO. cause a sufficiently large and sharp change in the
elastic properties of the mantle to account for the 670-
km seismic discontinuity or if a change in chemical com-
position is also required (see, for example, Jeanloz and
Thompson, 1983).

There are considerable problems involved in the syn-
thesis of sufficiently large quantities of ilmenite-type
(Mg,Fe)SiO, to enable experimental studies to be per-
formed, but some data are available. The structure of
ilmenite-type MgSiO, has been determined by Horiuchi
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et al. (1982) using single-crystal X-ray diffraction. The
oxygen atoms are arranged in a distorted hexagonally
close-packed array while the Mg and Si cations are com-
pletely ordered and lie in the octahedral interstices (see
Fig. l). The space group, R3, may be indexed in the hex-
agonal system with six formula units per unit cell, or in
the rhombohedral system giving a primitive cell contain-
ing two formula units. The unit-cell parameters for the
hexagonal cell, together with the Mg-O and Si-O bond
lengths, are given in Table l. The elastic constants have
been determined by Weidner and Ito (1985) using Bril-
louin spectroscopy and are also presented in Table l. The
molar heat capacity between 350 and 510 K has been
measured by Watanabe (1982), and the entropy at 298 K
and 0.1 MPa has been calculated to be 53.18 J'mol-' '
K-r. Ross and McMillan (1984) and McMillan and Ross
(1987) have measured the ilmenite-type MgSiO, Raman
sprectrum.

As an alternative approach to direct experimental study,
we have developed an atomistic model of ilmenite-type
MgSiOr, from which its physical and thermodynamic
properties can be derived. Similar atomistic computer-
simulation techniques have been successfully used to
predict the structural, elastic, lattice-dynamical, and ther-
modynamic properties of a variety of solids (see, for ex-
ample, Price et al., 1987a; Catlow et al., 1985; Parker,
1983a; Post and Burnham, 1986; Matsui and Busing,
1984). In this paper we show how well the structure of
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TeeLe 1. Comoarison of the observed and simulated structural
and elastic properties of ilmenite-type MgSiO.
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Nofe: Unit-cell parameters and bond lengths in A or A" as appropriate;
experimental data from Horiuchi et al. (1982). Elastic constants and bulk
moduli (K) are in GPa; experimental data from Weidner and lto (1985).
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Fig. l. A perspective view ofthe ilmenite-type structure of
MgSiO, after Horiuchi et al. (1982). Open circles, oxygen; shad-
ed circles, Mg; black circles, Si.

ilmenite-type MgSiO. is simulated by our model, and
then we proceed to calculate its normal-mode vibrational
frequencies and their associated eigenvectors. Finally, we
use the normal-mode frequencies to calculate the heat
capacity, entropy, average Griineisen parameter, and coef-
ficient of thermal expansion at temperatures between 0
and 1000 K.

Coupurnn-srMulATroN TEcHNreuEs

Ideally, the physical properties of a solid can be ob-
tained from an explicit solution ofthe Schrddinger equa-
tion. For silicates this approach is not yet practicable, and
our computer simulations therefore consider the struc-
ture at an atomistic level; interatomic potentials are de-
fined to simulate the net forces acting between atoms in
the structure (Stoneham, 1985). Such forces, including
contributions from ionic, covalent, and van der Waals
interactions, are usually assumed to be pair-wise addi-
tive. Even though this approach results in a greatly sim-
plified model, it has been used with considerable success
to investigate the structural, defect, and lattice-dynamical
properties ofsolids.

In silicates, the major contribution to the cohesrve en-
ergy is from the electrostatic or Coulombic term:

one c€lls all cells

u.: yz ) 2 q,q,r;' ,

where 4, and qj areoorn, .nurJ", on the species i and j
and r,, is the distance between them. This term decays
slowly with distance and must be effectively summed to
infinity. This is achieved by using the Ewald method (see,
for example, Parker, 1983b; Catlow and Mackrodt, 1982).

It is also necessary to include a term that models both
the short-range repulsive forces and the attractive dis-
persion forces between ions. In our studies, a Bucking-
ham potential is used to describe these interactions:

up.: rz"), 
"'":i^ 

A,,exp(-r,,/p,,) - curiu,

wherc A,, and p,, are the repulsive parameters and Cu is
the dispersion coefrcient that must be derived for each
pair ofspecies I andj.

The effect of ionic polarizability can be simulated by
using a shell model. The atom is modeled as having a
core containing all the mass, surrounded by a shell of
charge Y, representing the outer valence-electron cloud.
The core and shell are coupled by a harmonic spring such
that

U": k",,1,

where U. is the core-shell interaction on ion l, kr' is the
spring constant, and r, is the core-shell separation. The
free-ion polarizability (a) is given by the term

a : Yl/(k",').
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The Si-O bond in silicates is unlikely to be fully ionic,
but will include a directional covalent contribution. In
ilmenite-type MgSiO, we have accounted for this, in some
measure, by including a bond-bending term to simulate
the directional nature ofthe nearly 90" O-Si-O bonds in
the SiOu octahedra. This term has the form

us: vz 2 ku.ru@* - oo)r,

where k",uo is the spring constant, 0r1 is the O-Si-O bond
angle, and do is the octahedral angle (90") (Leslie, 1985).

The above interatomic potential terms were used in the
computer code rnunrr, which minimizes the first deriv-
ative of the static cohesive energy with respect to the
atomic positions to obtain the minimum-energy struc-
ture. The elastic constants and the high-frequency and
static dielectric constants were then calculated by using
the second derivative ofthe lattice energy with respect to
both the atomic positions and the bulk strain. Using the
above relationships to simulate a structure results in a
purely static simulation, which is effectively at a temper-
ature of 0 K. The dynamical effects of temperature can
be included in simulations either explicitly using molec-
ular dynamic codes or implicitly, as in this work, by sim-
ulating the lattice dynamics to provide a description of
the vibrational frequencies and associated atomic mo-
tions. The relationships on which these lattice-dynamical
calculations are based are briefly outlined below, but for
a more detailed account of this theory see, for example,
Price et al. (1987a), Born and Huang (1954), Ziman
(1972), and Cochran (1973).

The vibrational frequencies, @(q), ofa lattice are relat-
ed to the interatomic potential in the following way:

m,';'z (q)e(q) : D(q)e(q)

where m is the ionic mass, q is the reciprocal-lattice wave
vector for lattice waves, e(q) is the polarization vector
describing the atomic displacement involved in the vi-
bration, and D(q) is the dynamical matrix given by

D(q) : ) @'rJ/awau;.exp(iq.R)

where R is the interatomic separation, and u, and u, are
the atomic displacements from their equilibrium posi-
tion. For a unit cell containing n atoms, there are 3n
solutions for a given value of q. We used the computer
code rnnpnorq to calculate both the eigenvalues (cor(q))
from which the vibrational frequencies (c.r) are derived
and the eigenvectors that give the atomic displacements
associated with each mode (e,(q), e,(q), and e"(q)).

Derivation of interatomic potentials

The ability of an interatomic potential to model ac-
curately the net interatomic forces in a solid is crucial to
the success of an atomistic simulation, and considerable
care must therefore be taken in deriving suitable values
for the interatomic potential parameters A,,, p,,, and C,,.

One approach is to use ab initio potentials, such as mod-
ified electron-gas potentials (see, for example, Gordon and
Kim, 1972:' Wolf and Bukowinski, 1985; Post and Burn-
ham, 1986) or Hartree-Fock methods (Catlow and Hayns,
1972; Catlow, 1977). The alternative is to derive the pa-
rameters empirically by fitting them to known properties
such as the atomic structure, elastic constants, and static
or high-frequency dielectric constants (see, for example,
Price and Parker, 1984; Matsui et al., 1987). So far, em-
pirical potentials have generally been able to reproduce
the structural and elastic properties of a solid more ac-
curately than ab initio potentials (Stoneham, 1985).

The terms of an interatomic potential should be able
to describe the interatomic interactions in a variety of
different structures, within defined limits ofgeometry and
ranges of phenomena (Stoneham, 1985). This character-
istic of "transferability" is particularly important for the
simulation of solids for which there are limited experi-
mental data, such as the high-pressure, mantle-forming
silicates. In this work, we used a transfer potential, THBI
(the parameters of which are given in Table 2) to model
ilmenite-type MgSiO.. The Mg-O terms in THBI were
empirically derived by fitting to the experimental data of
periclase (Lewis, 1985). The Si-O terms, including a shell
model for oxygen and a bond-bending term for the tet-
rahedral O-Si-O bond, were also derived empirically by
fitting to the structural and elastic constants of quartz
(Sanders et al., 1984). The O-"'O interaction was de-
rived by Catlow (1977) using Hartree-Fock methods. This
potential has been successfully transferred to model the
structural, elastic, and lattice-dynamical properties of for-
sterite (Price et al., 1987a). The forsterite structure and
ilmenite-type structure are similar in that they both have
oxygen ions in a distorted, hexagonally close-packed ar-
ray and Mg ions in sixfold coordination. However, in
forsterite the Si ions are in tetrahedral coordination
whereas in ilmenite-type MgSiO, they are in octahedral
coordination. In an attempt to simulate this difference,
the lr,- term has been scaled from fourfold to sixfold
coordination using the Huggins-Mayer relationship (Lew-
is, 1985; Parker, 1983b):

Ao,.: A.,exp(-A,r/p),

where Ar is the difference in the Si ionic radius in fourfold
and sixfold coordination. This gave a new ,4r,-o term of
1383.7 eV, which was incorporated into potential THBI
to give a second potential, THBIM. The bond-bending
spring constant was transferred from the tetrahedral O-
Si-O bond to the octahedral O-Si-O bond without alter-
ation.

Cornparison of the observed and simulated ilmenite-type
MgSiO, structure

The results of using potentials THBI and THBIM in
the computer code rnsnrr to simulate the structure and
elastic constants of ilmenite-type MgSiO. at 0 K and zero
pressure are presented in Table L Potential THBI pre-
dicts the known structural and elastic properties of il-
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TeeLe 2. Interatomic potential parameters for THBl
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Fig. 2. The predicted Raman spectrum of ilmenite-type
MgSiO, (bold numbers) superimposed on the observed Raman
spectrum (McMillan and Ross, 1987).

ysis of the eigenvectors. The Raman frequencies of il-
menite-type MgSiO, measured by McMillan and Ross
(1987) are included in Table 3 and Figure 2 for compar-
ison. There is close agreement between the measured and
predicted Raman frequencies; most of the predicted fre-
quencies are within 20 cm-' and all are within 40 cm '

of those measured experimentally. However, McMillan
and Ross (1987) were only able to identify nine of the ten
Raman bands. From our predicted Raman frequencies'
the tenth band would be expected to occur around l2l
cm-r .

The eigenvectors of the individual ion displacements
for the Raman modes are plotted in Figure 3' Although
it is doubtful whether these vibrations can be analyzed in
terms of isolated groups of atoms such as the SiOu or
MgOu units (Ross and McMillan, 1984), the highest fre-
quencies (above 600 cm-r) do involve motion of the Si
and oxygen atoms only. Thus, it may be possible to com-
pare the high-frequency bands of ilmenite-type MgSiO,
to other structures containing SiOu octahedra. For ex-
ample, Williams et al. (1987) have compared the ob-
served high-frequency (above 450 cm-') bands in the in-
frared and Raman spectra of perovskite-type MgSiO, with
the Raman spectra of synthetic stishovite and ilmenite-
type MgSiO.. The relevant observed vibrational frequen-
cies of perovskite-type MgSiO, and stishovite are includ-
ed in Table 3. The observed perovskite-type MgSiO,
bands compare well with the ilmenite-type MgSiO' bands.
For perovskite-type MgSiO. Williams et al. (1987) attrib-
uted the highest infrared active band at 797 cm-r to
asymmetric stretching of the SiOu octahedra, the lower
infrared active bands at 683, 614, and 544 cm ' to sym-
metric stretching and bending motions of the SiOu octa-
hedra, and the Raman active band at 499 cm-t to breath-
ing motion of the SiO6 octahedra. Examination of Figure
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menite-type MgSiO, nearly as well as it does those of
forsterite (Price et al., 1987a). Potential THBl simulates
the ilmenite-type MgSiO, unit-cell constants more accu-
rately than THBIM; the root-mean-square (rms) errors
for THBI and THBIM are 0.005 A and 0.077 A, respec-
tively. Both potentials predict the Si-O bond lengths more
accurately than the Mg-O bond lengths, a feature that is
inherent in the potential, as similar effects were observed
in the forsterite simulations. THBI and THBIM predict
bulk moduti (K) that are about 250lo stiffer than the bulk
modulus of 212 GPa measured by Weidner and Ito ( 1985).
However, the elastic constants predicted by THBIM are
slightly less stiff than those predicted by THB I .

These results show that potential THBI may be suc-
cessfully transferred from periclase and quartz to model
not only the structural and elastic properties of forsterite,
but also those of ilmenite-type MgSiOr. The ditrerence
between potentials THB1M and THBI appears to be
small. In the following section, we present a simulation
of the lattice dynamics of ilmenite-type MgSiOr, which
provides a much more rigorous test of the interatomic
potentials than structural simulations.

Vibrational-frequency calculations

There are l0 atoms in the primitive ilmenite-type unit
cell, and, therefore, there are 30 normal-mode frequen-
cies. Our calculations are carried out with q close to zero,
and so the predicted frequencies are characteristic ofthose
observed in the Raman and infrared spectra. Also, at the
center of the Brillouin zone, (q : 0), three of these modes
are purely translational (acoustic). The irreducible rep-
resentation of the other 27 optical modes is

I"".,o, : 5,41 + 5.El + 4At: + 4,ElR

(Ross and McMillan, 1984), where,4 modes are nonde-
generate and ,E modes are doubly degenerate. Fifteen of
these modes will be Raman active (marked R), giving ten
spectral bands, and twelve will be infrared active (marked
IR), giving eight absorption bands.

The normal-mode frequencies predicted using poten-
tials THBI and THB1M differ by less than 4ol0, and hence
only those simulated using THBIM are shown in Table
3. The symmetry of the modes has been assigned by anal-
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TneLe 3. Comparison of observed and predicted vibrational fre-
ouencres
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Fig. 4. A comparison of the predicted and measured heat
capacity (dotted) of ilmenite-type MgSiOr. The measured heat
capacities are from Watanabe (1982).

the whole Brillouin zone is required. The vibrational fre-
quencies were calculated for a grid of five points in the
Brillouin zone from which the density-of-states function,
G(c,r), was calculated. The contribution of each point in
the grid to the density-of-states function was weighted by
the multiplicity of the star of lattice vectors to which that
point belonged. [Very similar results were obtained using
grids of 8 and 27 points for ilmenite-type MgSiOr; see
Price et al. (1987b) for a discussion of the number of
points in the Brillouin zone used to calculate the ther-
modynamic properties of forsterite.l

The heat capacity at constant volume, C, is related to
the normal-mode frequences by

c,: du/dT: k, 
I""^ 

(ha/ksT)z

. lexp(ha / k"D G (t't) dotl/

fexp(hot/k"T) - ll'z,

where ku and h are Boltzmann's and Planck's constants,
respectively, Z is the absolute temperature, c,r- is the
maximum frequency, and G(t't)&'t is the number of modes
with a frequency between <o and <,r -l dor The mode Grii-
neisen parameters, ,y,(q), provide a measure of the re-
sponse of the vibrational frequencies to compression and
are given by

"/(q) : - V/ a,(q). ldu,(d/ d4.
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3 shows that the comparable predicted frequencies for
ilmenite-type MgSiO. at 835, 677, and 628 cm ' involve
motion of Si and oxygen atoms, but that the Raman ac-
tive mode at 472 cm ' involves the motion of Mg as well
as oxygen atoms. Any correlation between the stishovite
and ilmenite-type MgSiO, spectra is less obvious, but the
predicted ilmenite-type MgSiO, infrared bands at 587-
591 cm ' and 998-102J cm-tare of similar value to the
stishovite Raman bands at 589 and 967 cm ,.

The success of interatomic potentials THBI and
THBIM in predicting the normal-mode frequencies
means that we are now able to use them to calculate some
of the bulk thermodynamic properties of ilmenite-type
MgSiOr.

Cl,r,cur-arroN oF THERMoDvNAMTc pRopERTTES

In order to be able to calculate bulk thermodynamic
properties, information on vibrational frequencies across

TABLE 4. Predicted thermodynamic properties of ilmenite-type MgSiO"

r (K) Cy (J mol ' K-1) 1 B ( x 1 0 5 K 1 )

100
200
300
400
500
600
700
800
900

1 000

15.96
51.68
T  I  5 T
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102.23
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1 1 1.80
1 14.39
't16.24

1 17.60

1. ' t878
1 . 0 3 1 1
0.9696
0.9393
0.9228
0.9106
0.9045
0.9046
0.9017
0 8995

0.2628
0.7387
1.0426
1 .2109
1.3078
1.3634
1.40' t7
1.4346
1.4530
1.4665

15.96
51 76
77.80
93.42

102.85
108.81
112.78
1  15 .58
1  17 .61
1 1 9  1 5

7.66
29.80
56.13
80.84

102.79
122.11
139.20
154.45
168.1 9
180.66
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The average Griineisen parameter, I (Kieffer, 1982), is
given by

-y :  r /CvZ  (C , ) , . , , ,

where (C,), is the contribution to the heat capacity made
by each mode, i. The following relationships were used
to calculate the thermal-expansion coefficient (B), the heat
capacity at constant pressure (C"), and the entropy (S.):

p:7c/ /KV

C": C, + KT?')V

rr
^s" : 

J" 
cP/T-dT,

where Z is the molar volume and K is the bulk modulus.
The vibrational-mode frequencies were calculated at
pressures of 0 and 5 GPa to evaluate da,.

The simulated thermodynamic properties for temper-
atures between 0 and 1000 K are shown in Table 4. The
predicted heat capacity, Cr, is compared with the heat
capacity measured by Watanabe (1982) in Figure 4. Over
the range of experimental results available, 350 to 510 K,
the agreement between the measured and predicted heat
capacities is very good-within 2o/o if the measured value
of 212 GPa (Weidner and Ito, 1985) is used for K (or
within 1.50/o using the predicted value of 263 GPa). Also,
the predicted entropy at 300 K of 56.13 J.mol '.K ' is

within the quoted error of the entropy at 298 K of 5 3. 1 8 +
3.26 J'mol-'.K-' calculated by Watanabe (1982). How-
ever, the predicted average Griineisen parameters are
probably too low. No measured Griineisen parameters
are available for ilmenite-type MgSiOr, but Williams et
al. (1987) have pointed out that if the ilmenite-type to
perovskite-type phase transition of MgSiO, in the mantle
has a negative Clapeyron slope (as predicted by the phase-
equilibria data of Ito and Yamada (1982), the average
Gritureisen parameter of ilmenite-type MgSiO, would be
expected to be within 850/o of the average Gri.ineisen pa-
rameter of perovskite-type MgSiOr. Williams et al. (1987)
calculated the Grtneisen parameter of perovskite-type
MgSiO, from just the mid-infrared spectra to be 1.36 +
0. l5 -considerably higher than the Griineisen parameter
of 0.9 predicted for ilmenite-type MgSiO.. Potential THBI
produced a similar underestimation of the average Grii-
neisen parameter when used to simulate forsterite (Price
et al., 1987b), the average high-temperature Griineisen
parameter of forsterite being predicted to be 0.88 rather
than the measured value of l.l. Price et al. (1987b) at-
tributed this to a systematic error in the third derivative
of the Si-O potential function. However, this discrepancy
does not cause serious errors in the predicted heat capac-
ity and entropy calculated using the average Griineisen
parameter, but does cause an underestimate of the high-
temperature thermal-expansion coefficient.

CoNcr,usroNs

The empirical interatomic potential THBI can be suc-
cessfully transferred from quartz and periclase, to which
it was originally fitted, to simulate the structural and elas-
tic properties of both forsterite and ilmenite-type Mg-
SiOr. Scaling the l..o term according to the difference in
Si ionic radius in tetrahedral and octahedral coordination
had only a small effect on the predicted properties of
ilmenite-qpe MgSiO.. The vibrational frequencies are also
predicted accurately, although only the Raman spectrum
(McMillan and Ross, 1987) is available for comparison.
However, the ability of such potentials to predict the vi-
brational frequencies across the whole Brillouin zone can
be measured by calculating the bulk thermodynamic
properties. The predicted values ofthe heat capacity be-
tween 350 and 510 K (see Fig. 4) and the entropy at 300
K of 56. I 3 J'mol ' 'K-', agree well with those measured
by Watanabe (1982), but the average Grtineisen param-
eter and the volume thermal-expansion coefficient are
lower than expected, possibly because of an error in the
third derivative of the Si-O potential function (Price et
a l . .  1987b).

Atomistic potentials establish a link between micro-
scopic and macroscopic phenomena, enabling the predic-
tion of bulk properties and the investigation of phase re-
lations. However, although potential THBI has proved
to be transferable to forsterite and ilmenite-type MgSiOr,
the wider use of this method of deriving interatomic po-
tential parameters may be limited. In particular, empir-
ical potentials may become unstable at interatomic sep-
arations that differ significantly to those for which they
were fitted, conditions likely to occur in the study of high
pressure-high temperature structures or point defects.
Therefore, in the future it may prove necessary to im-
prove further the ab initio methods of interatomic poten-
tial derivation, such as those used by Hemley et al. (1987)
and Wolf and Bukowinski (1987), in order to be able to
accurately predict the properties of the high-density man-
tle phases for which there is little experimental data. In
the meantime, however, empirical potentials still provide
the best way of simulating the geophysically important
properties of mantle-forming silicates.
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